Abstract -Classical swine fever (CSF) is a highly contagious and often fatal disease of pigs characterised by fever, severe leukopenia and haemorrhages. With vaccines having an importance in disease control, studies are seeking improved protein-based subunit vaccine against the virus (CSFV). In this respect, recombinant viral NS3 protein was analysed for its immunopotentiating capacity, particularly in terms of cytotoxic immune responses. NS3 was effective at inducing in vitro responses, quantified by lymphoproliferation, IFN-γ ELISPOT, flow cytometric detection of activated T cell subsets, and cytotoxic T cell assays. Peripheral blood mononuclear cells from CSFV-immune pigs could be stimulated, but not cells from naïve animals. In addition to the IFN-γ responses, induction of both CD4 + T helper cell and CD8 + cytotoxic T cells (CTL) were discernible -activation of the latter was confirmed in a virus-specific cytolytic assay. Attempts were made to translate this to the in vivo situation, by vaccinating pigs with an E2/NS3-based vaccine compared with an E2 subunit vaccine. Both vaccines were similar in their abilities to stimulate specific immune responses and protect pigs against lethal CSFV infection. Although the E2/NS3 vaccine appeared to have an advantage in terms of antibody induction, this was not statistically significant when group studies were performed. It was also difficult to visualise the NS3 capacity to promote T-cell responses in vivo. These results show that NS3 has potential for promoting cytotoxic defences, but the formulation of the vaccine requires optimisation for ensuring that NS3 is correctly delivered to antigen presenting cells for efficient activation of CTL.
INTRODUCTION
Classical swine fever virus (CSFV), a member of the Pestivirus genus of the Flaviridae family, is an important worldwide cause of morbidity, mortality, and enormous economic losses in pig industries [12, 23] . While eradication programmes based on "stamping-out" have been followed to eliminate classical swine fever (CSF) in many countries, these pig populations remain under constant threat, particularly where CSFV is enzootic in wild boars. With such situations, an important control instrument is vaccination, alone or combined with stamping-out [28] .
Traditional avirulent live vaccines such as the C-strain exist and are efficient, but do 156 H. Rau et al. not permit the distinction of pigs infected with field strains of CSFV from vaccinated animals. Accordingly, protein subunit vaccines based on the immunodominant viral glycoprotein E2 have been developed [15, 24, 37] . These "marker vaccines" enable the discrimination between infected and vaccinated animals (DIVA) [24] , and allow vaccination during outbreaks as an anti-viral measure. Their disadvantage lies in the observation that efficient protection against infection is only ensured three weeks postvaccination. Early after vaccination, the E2 vaccine cannot prevent infection, which could lead to chronically or persistently infected piglets, particularly if pregnant sows are affected (reviewed by [36] ). The potency of the E2 subunit vaccines is based mainly on induction of an effective humoral immune response, measurable as virus-neutralising antibodies [4, 5, 15, 37, 38] . Nevertheless, animals inoculated with an E2 subunit vaccine are unable to prevent horizontal and vertical spread of the virus [11] .
Consequently, there is a need to improve the immunogenicity of subunit vaccines, which are of considerable value in the control of CSF due to their advantages of safety and established DIVA tests [10, 13, 24] . One area of importance in this respect is the induction of virus-specific cytotoxic T lymphocytes (CTL), an important defence mechanism against non-cytopathogenic virus infections such as CSF. This immunological effector mechanism plays a major role in the elimination of chronically/persistently infected cells [39] . Indeed, recent studies on CSF indicate an important role for cellmediated immune responses in protection against the virus [31] . Thus, the induction of potent CD8 + cytotoxic T cell responses has the potential to improve CSF vaccines. Consequently, the present study analysed the immunological properties of recombinant NS3, due to the observations that CSFV non-structural proteins carry T cell epitopes [1, 25] . This was analysed in vitro and in vivo in terms of its contribution to protective immune responses induced in combination with an E2 subunit vaccine.
MATERIALS AND METHODS

Virus
The CSFV strains Eystrup [20] and Alfort [27] were propagated in swine kidney (SK)-6 cells at a multiplicity of infection (MOI) of 0.01 TCID 50 /cell for 72 h at 39 °C and 6% CO 2 . Cell associated virus was released by sonificating the cells and clarification of the cell lysates as described [17] . For mock controls, clarified lysates of uninfected cells were employed. Virus titres were determined by endpoint dilution titrations on SK-6 cells as described previously [17] .
CSFV-derived antigens
Expression and purification of 6 × his-tagged NS3
NS3 derived from the CSFV strain Alfort Tübingen was cloned in the prokaryotic expression vector pQE-82L (kindly donated by Dr D. Wienhold, FLI, Tübin-gen, Germany). After transformation of E. coli BL21 RIL competent cells, protein production in E. coli was induced following the manufacturer's instructions (Qiagen, The Netherlands). The recombinant protein expressed with a 6 × his-tag was purified under denaturating conditions by immobilised metal affinity chromotography (IMAC) using Ni-NTA resin (Qiagen). The eluted protein was further purified from contaminating proteins by continuous elution SDS-PAGE electrophoresis. The fractions were combined, concentrated and further purified by size exclusion chromatography via HPLC (AEKTA explorer, Amersham Pharmacia Biotech, The Netherlands) using Superdex-75 HR10/30 (Amersham Pharmacia Biotech) equilibrated with a buffer containing 20 mM Tris-HCl, pH 8.0, 100 mM NaCl and 0.01% SDS. Finally, the proteins were analysed for endotoxin contamination using the Limulus Amoebocyte Lysate Assay (Bio-Whittaker).
NS3 as potent T-cell antigen 157
Expression and purification of baculovirus expressed E2
The E2 glycoprotein gene of CSFV was obtained from plasmid pA187-1 [27] and subcloned into plasmid pFastBac1 (Invitrogen, Basel, Switzerland) using standard PCR-based techniques. Briefly, the E2 gene lacking the sequence coding for the C-terminal transmembrane region was inserted downstream of the gX signal sequence of pseudorabies virus [15] and upstream of a cassette encoding 6 histidine residues. Recombinant baculovirus was then generated with the Bac-To-Bac Baculovirus Expression System (Invitrogen) and used to infect High Five cells for the production of secreted glycosylated protein E2. The supernatant of infected cells was subjected to buffer exchange with loading buffer for Ni-NTA columns (0.02 M sodium phosphate and 0.5 M NaCl, pH 8.2) using a Stirred Ultrafiltration Cell (Amicon, Millipore, Volketswil, Switzerland) and a YM-10 ultrafiltration membrane (Millipore). The E2 protein was purified by nickel chelate affinity chromatography using an AEKTA FPLC apparatus (Amersham Bioscience, Otelfingen, Switzerland) and prepacked HiTrap Chelating columns (Amersham Bioscience). Fractions containing the purified E2 protein were analysed by SDS-PAGE and pooled prior to quantification using the BCA protein assay (Bio-Rad).
Animals and animal
experimentation Swiss White Landrace pigs were kept under specific pathogen free (SPF) conditions at the institute. For analysis of secondary in vitro immune responses, a total of four pigs were vaccinated by infection with 10 3 tissue culture infectivity dose 50% (TCID 50 ) low virulent CSFV strain Alfort [27] , and used as blood donors 1-8 months post vaccination (p.v.).
In order to test the vaccines, two groups of four SPF pigs were vaccinated once intramuscularly (i.m.) in the neck. One group was immunised with a vaccine formulation containing 32 µg E2 antigen, a second group received a mixture of 32 µg E2 and 50 µg NS3 antigen per 1 mL immunisation dose. Both vaccines were formulated by emulsifying the CSFV-derived antigens in a double water-oil-water emulsion (Montanide ISA 206 (w/v)), kindly provided by Dr L. Dupuis (Seppic, France). One control group of two SPF pigs was not inoculated. After 14 days, all pigs were challenged intranasally with a lethal dose of virulent CSFV strain Eystrup (10 5 TCID 50 /animal) [20] . The animals were examined daily for disease symptoms and fever and scored as described [22] . Fever was defined as a rectal temperature > 40 °C. At various time points before and after the challenge infection, blood and serum samples were collected.
Virus titres and neutralising antibodies
Virus titres of serum samples were determined by endpoint dilution titrations [17] . The detection limit of the assay was 10 1.5 TCID 50 /mL. Sera were analysed for serum-neutralising antibodies against CSFV using a neutralisation peroxidase-linked assay (NPLA) with SK-6 cells as described previously [34] . The CSFV neutralising antibody titres were expressed as reciprocal of the highest dilution that inhibited infection of the SK-6 cells in 50% of four replicate cell cultures.
Antibodies and flow cytometry
Hybridomas for the monoclonal antibodies (mAbs) α-CD172a /SWC3 (74-22-15A), α-CD4 (74-12-4), α-CD8 (11/295/33), α-CD6 (a38b2), α-MHC class I (74-11-10), α-MHC class I (MSA3) and α-CD25 (K231.3B2) were kindly provided by Prof. Dr A. Saalmüller (Veterinary School Vienna, Austria). α-E2 (HC/TC26) was kindly provided by Dr A.G. Bommeli (Bern, Switzerland) [14] . MAb reactions were revealed using isotype-specific phycoerythrin (PE) or biotin-conjugated anti-mouse Ig (F(ab´)2 fragments (Southern Biotechnology Associates, Alabama, USA) or streptavidin-Cy5 (Dako, Zug, Switzerland). Propidium iodide 158 H. Rau et al.
(PI; Sigma Chemicals, Buchs, Switzerland) was used at 100 µg/mL to identify dead cells. The cells were labelled for immunofluorescence as described previously [29] , and analysed using a FACScalibur and the CellQuest Pro software (BD Biosciences, Mountain View, CA, USA).
Isolation of PBMC and generation of porcine monocyte-derived dendritic cells
Peripheral blood mononuclear cells (PBMC) were separated using density Ficoll gradient centrifugation (1.077 g/L; Amersham Pharmacia Biotech, AG, Dubendorf, Switzerland), as described previously [21] . Monocyte-derived dendritic cells (MoDC) were generated as described before [7] . Briefly, monocytes were enriched by magnetic cell sorting (MACS system, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) using the anti-CD172a antibody and cultured at a concentration of 1 × 10 6 in Dulbecco modified Eagle medium (DMEM, Invitrogen, Basel, Switzerland) supplemented with 10% (v/v) porcine serum (Sigma), 100 U/mL recombinant porcine (rp) granulocyte macrophage-colony stimulating factor (GM-CSF), kindly provided by Dr S. Inumaru (Institute for animal Health, Ibaraki, Japan) [16] , and 100 U/mL rp IL-4, prepared in our laboratory as described previously [7] . After 3 days, the non-adherent and loosely attached cells were collected.
Lymphoproliferation assays and antigen-presentation assays
For the detection of CSFV-antigen-specific proliferation, PBMC (2.5 × 10 5 /well) derived from CSFV-immune or naïve pigs were cultured in DMEM supplemented with 10% (v/v) foetal bovine serum (FBS), 50 µM 2-Mercapto-ethanol (2-ME) and 1% (v/v) penicillin/streptomycin (all from Invitrogen) (referred to as complete medium) in 96-well flat-bottomed plates (Costar, Cambridge, UK) in triplicates. The cells were stimulated either with CSFV strain Eystrup (MOI 0.01 TCID 50 /cell), mock antigen derived from a lysate of uninfected SK-6 cells or with recombinant CSFV-NS3 antigen. Gp63, a Leishmania major derived protein prepared with the same expression system as NS3 was used as the negative control. Polymyxin B and lipopolysaccharide (LPS) (Escherichia coli, strain O55:B5) were purchased from Sigma. After four days of cultivation at 39 °C and 6% CO 2 , 1 µCi 3 H-thymidine/well (Moravek Biochemicals Inc., Brea, CA, USA) was added for another 18 h to quantify the proliferative activity.
For antigen-presentation assays, MoDC of an immune pig were co-cultured with purified autologous lymphocytes (2.5 × 10 6 /mL) prepared from PBMC by using immunomagnetic depletion of the CD172a + fraction containing monocytes and DC [30] , or enrichment of CD6 + T cells using the MACS [7] . Purity of the lymphocyte fraction was over 98%. The MoDC/lymphocyte ratio was 1/25. The CSFV-specific antigen NS3 was added at various concentrations to the co-cultures. Lymphoproliferation was quantified in triplicate cultures after 4 days by measuring 3 H-thymidine uptake as described above.
The MHC restriction of the presentation of recombinant CSFV-NS3 antigen was determined using mAbs directed against the porcine CD4, CD8, MHC class I and MHC class II molecules. T cells were incubated with purified saturating mAbs-dilutions (hybridoma supernatants) for 1 h at 39°C before addition of the antigen and the DC.
Interferon-γ ELISPOT
ELISPOT assays for the detection of IFN-γ secreting T cells were performed as described elsewhere [1] with minor modifications [2] . The threshold for identification of CSFV-specific IFN-γ spots was set at 10 spots/10 6 PBMC, based on tests performed with PBMC from naïve animals (n = 15), which were repeatedly bleeded.
Cytotoxic T cell assays
For the stimulation of virus-specific cytotoxic T cells, purified lymphocytes NS3 as potent T-cell antigen 159 from PBMC of a CSFV primed pig were prepared and co-cultured with MoDC as described above. NS3 antigen, control protein gp63, mock antigen or CSFV were added to the cultures, which were incubated for 5 days before testing for the presence of activated CD25 + CD8 + T cells by three colour immunofluorescence flow cytometric staining [2] . The absolute number of CD4 -CD8 high+ CD25 high+ (×10 6 /mL) among stimulated lymphocytes was calculated as follows: absolute number of cells (calculated from the stimulated lymphocytes) multiplied with the percentage of positive cells (CD4 -CD8 high+ CD25 high+ ) in mononuclear gate/100. The ratio of CD4 -CD8 high+ CD25 high+ in a total of 10 6 lymphocytes was then calculated: number of CD4 -CD8 high+ CD25 high+ /10 6 total mononuclear harvested cells.
A flow cytometric assay for cytotoxicity was used to measure CTL responses, described previously [2] . Autologous secondary fibrocytes (Fb) used as target cells, were stained with PKH26 according to the manufacturer's instructions (Sigma) and plated at 5 000 cells/well in a 96-well flatbottomed plate. Then Fb were infected with CSFV or treated with mock antigen for 24 h at an MOI of 2 TCID 50 /cell. Stimulated PBMC (see above) were harvested after 5 days and added to the target cells at various effector/target ratios. After 16 h incubation at 39 °C, all cells were collected using trypsin-EDTA and resuspended in 150 µL cell wash. Propidium iodide (0.1 µg, PI, Sigma) was immediately added before cytometric analysis. At least 3000 PKH26 high cells were acquired for each condition and killed target cells were identified as PKH26 + PI + .
RESULTS
CSFV-derived NS3 protein induces virus-specific lymphoproliferative responses
In order to demonstrate the presence of virus-specific lymphocytes and to determine the virus dose required to activate these cells, PBMC were restimulated with various doses of CSFV strain Eystrup and their proliferative response was quantified. As shown in Figure 1A (Fig. 1B) . Little or no proliferative responses were noted with the Leishmania gp63 major antigen, used as the negative antigen control.
In order to exclude a role for any endotoxin present in the NS3 preparations, even though the levels were < 10 pg endotoxin unit/µg NS3 protein, polymyxin B was also added to the PBMC restimulating assay cultures. This did not modify the NS3-induced proliferative response (Fig. 1C) . LPS was also deliberately added to the cultures, at a concentration of 10 pg/mL, without an influence on the observed proliferative responses (Fig. 1C) .
In addition to PBMC, MoDC were loaded with CSFV-derived NS3 antigen (or E2) and used to stimulate isolated lymphocytes. The lymphoproliferative responses stimulated by these MoDC loaded were antigen dose-dependent, with an optimum response observed in the range of 0.5-2 µg/mL for the NS3 antigen (Fig. 1D). 
CSFV-derived antigens stimulate IFN-γ secreting T cells
In order to elaborate on this in vitro response induced by the NS3 protein, the induction of IFN-γ ELISPOT was determined using PBMC from an immune animal stimulated in vitro for 48 h. A dosedependent induction of IFN-γ secreting cells was noted, being at least as efficient as the virus when the higher dose was employed ( Fig. 2A) . This response was only observed with PBMC isolated from a CSFV immune pig (data not shown).
The MHC restriction of this lymphoproliferative response induced by the NS3 antigen was also investigated. For this purpose, the interaction between the TCR and MHC molecules was impaired using mAbs against CD4 and CD8, molecules essential for activation of the respective T cell subsets. The proliferative response was clearly impaired by the anti-CD4 mAb, whereas the anti-CD8 mAb and anti-MHC class I were less efficient. In contrast, the anti-MHC class II mAb had no effect, possibly due to an insufficient concentration of the hybridoma supernatant (Fig. 2B) . These results would indicate that the majority of T cells, involved in the proliferative response induced by NS3 antigen were MHC class IIrestricted CD4 + cells, with a minor MHC class I-restricted CD8 + T cell component.
NS3 induction of CSFV-specific CTL responses
Considering the above results, the potential of the NS3 antigen to stimulate virusspecific CTLs was investigated. Activated cytotoxic T lymphocytes were identified as CD4 -CD8 high+ CD25 high+ . The NS3 protein was clearly potent at activating these cells, more so than the whole virus (Fig. 3A) . The analysis of the effector functions of these cells employed a flow cytometric assay for cytotoxicity, in which CSFVinfected autologous fibrocytes (Fb) were the target cells. The cytolytic response of NS3-stimulated T cells was seen to be comparable with the activity of virus-stimulated CTL effector cells (Fig. 3B ). This activity was clearly higher against virus-infected targets than against mock-treated targets. There certainly was a cytolytic activity against the mock-treated targets, probably indicating NK-like activity simulated by the virus-and NS3-induced cytokines such as IFN-γ (see Fig. 2A ). Importantly, gp63 stimulated PBMC had low cytolytic activity, with no difference between infected and mock-treated targets (Fig. 3B). 
Vaccine efficacy: clinical results
The in vitro results demonstrated that the NS3 protein has a potential as a potent antigen for CD8-restricted CTL responses. Consequently, the ability of NS3 to promote protection in vivo against CSFV was tested by performing a vaccination/challenge experiment. For this purpose, the pigs were vaccinated once with an E2 or E2/NS3 vaccine, because single shot vaccinations are sought for in efficacious emergency vaccination programmes.
Two out of four animals from the E2-vaccinated group and one out of four from the E2/NS3-vaccinated animals had a transient low increase of the clinical scores (Fig. 4A) . These animals showed a challenge-virus induced fever peak from 4 to 6 days post-challenge (Fig. 4B) . By 7 to 8 days after challenge, all vaccinates had (Figs. 4A and 4B ) -the one animal in the E2-vaccinated group with a second fever phase at 9-11 days post-challenge probably reflected a severe inflammation of the tail following tail biting. The non-vaccinated animals developed severe symptoms of CSF, with a fever peak at 4 to 7 days post-challenge, and were euthanised when moribund at 8 days post-challenge infection.
Vaccine efficacy: virological data
Serum samples collected before and after the challenge infection demonstrated that after virus inoculation all control pigs developed viraemia, remaining viraemic until euthanised (Tab. I, animals #9 and #10). One out of four animals vaccinated with E2 alone had a low titre of virus in the serum at 4 days post-challenge (< 10 2.6 TCID 50 /mL serum), clearing the virus within 7 days post-challenge (Tab. I, animal #3). This was one of the E2-vaccinates that developed fever (see Fig. 4B ). No virus was found in the serum samples of the other E2 vaccinates (Tab. I, animals #1, #2, #4), nor in the sera of any E2/NS3 vaccinated animals (Tab. I, animals #5 to #8).
Vaccine efficacy: immunological data
PBMC obtained at various time-points after vaccination and challenge infection were analysed for the frequency of virusspecific IFN-γ secreting cells by ELISPOT assay. Low levels representing a virus-specific IFN-γ response were first detected at 14 days post-vaccination in three of the four E2-vaccinates (Fig. 5) . None of the E2/NS3 vaccinated animals, nor the unvaccinated controls had detectable circulating virusspecific IFN-γ producing cells (Fig. 5) . In an attempt to identify enhanced T helper cell responses we also checked for virusspecific T cells the first two weeks after challenge by the IFN-γ ELISPOT assay. No virus-specific T cell responses were detectable with a reduced IFN-γ responsiveness to the ConA mitogen control, indicating a generalised T-cell anergy.
Humoral immune responses were analysed in terms of serum virus-neutralising antibodies. Control unvaccinated animals did not develop a detectable antibody response against CSFV even after challenge infection (Tab. II, animals #9 and #10). Both the E2 and the E2/NS3 vaccines induced neutralising antibodies within 11 to 14 days post-vaccination (Tab. II, animals #1 to #8). At the time of challenge (14 days post-vaccination), three out of the four E2/NS3 vaccinates had titres of neutralising antibodies above 1:32 (Tab. II, animals #5 to #8) representing a critical value for protection. In contrast, only two of the E2 vaccinates (Tab. II, animals #1 to #4) reached this titre before challenge infection. Following challenge, all vaccinates (E2 and E2/NS3) developed a clear booster response.
Analysis of the group responses, calculated in terms of the average antibody titres of the animals in each group of vaccinates, demonstrated the efficacy of the E2/NS3 vaccine (Fig. 6) . The group receiving this vaccine showed an advantage over the group of E2 vaccinates, in particular at 28 and 32 days post-vaccination (14 days postchallenge). However, it was not possible to calculate a statistical significance.
DISCUSSION
Prevention and control of outbreaks caused by the highly contagious CSFV are implemented by stamping out-methods, vaccination, or a combination of the two. The design of new efficacious vaccines against CSFV requires knowledge concerning the host's immune response towards the respective pathogen. This is particularly pertinent if emergency vaccination is to be an adjunct to stamping-out in the face of an outbreak. One critical step in the development of virus vaccines is the identification of antigenic subunits stimulating the necessary arms of immune defences to result in the protection of the host against infection. Most studies have concentrated on the humoral immune response of CSFV-infected animals, and a protective value for the appearance of neutralising antibodies with a titre of at least 1:32 has been observed [33] . Nevertheless, with viruses such as CSFV which produce a non-cytopathic infection in cells, and can thus persist in the host, one must consider both cytotoxic (CTL) and humoral (B lymphocyte) responses in the induction of protective immunity. T cell epitopes relating to the induction of virusspecific cytotoxic T lymphocytes have been identified on non-structural proteins of CSFV [1, 25] . Consequently, the present work analysed for the first time porcine in vitro and in vivo immune responses against the recombinant non-structural NS3 protein of CSFV. This was pursued in the light of the NS3 protein being a candidate antigen containing CTL epitopes for an improved protein-based CSFV subunit vaccine.
The recombinant NS3 protein was seen to be a potent T cell antigen, in terms of inducing lymphoproliferation, IFN-γ production and effector CTL responses. In addition to the latter observation demonstrating the induction of CD8 + T cells, the NS3 protein activated T helper cells, witnessed by the sensitivity of the induced lymphoproliferation to anti-CD4 Ab blocking. Overall, induction of the T cell responses by NS3, especially the stimulated effector CTL, was comparable to the whole virus, indicating that NS3 contains immunodominant CTL epitope(s). This demonstrates that viral NS3 contains CTL epitopes in addition to the NS2 [1] and NS4 proteins [25] .
Due to these promising in vitro results, the efficacy and protective capacity of the recombinant NS3 protein when combined with E2 were tested. It is important to include the E2, due to the observations that neutralising antibodies are essential for protective immune responses -these antibodies are directed against the viral E2 protein [4, 24, 33] . In the present study, the results obtained on protection of pigs immunised with the E2-based vaccine is consistent with previous results [4, 24] . When compared with protection mediated by the E2/ NS3-based vaccine, only slight differences were noted. While two of the E2 vaccinates showed a transient augmentation of clinical scores after the challenge infection, only one of the E2/NS3 vaccinates was in this situation. A low titre viraemia was detected in one of the E2 vaccinates, but only at a single time-point, whereas none of the E2/NS3 vaccinates had viraemia. The E2/NS3 vaccinates showed a slight advantage in terms of neutralising antibody titres, but the difference from the E2 vaccinates was not statistically significant. A possible explanation for this trend towards an increased antibody response in pigs immunised with the E2/NS3-based vaccine would be the additional stimulation of NS3-specific CD4 + T cells, which could contribute in the activation of E2-specific B cells. Interestingly, certain vaccinates showed neutralising antibody titres below the desired threshold of 1:32 at the time of challenge infection, yet were still protected. Similar results were observed using live C-strain vaccines [8, 35] . All vaccinates showed a clear booster antibody response after the challenge infection, consistent with the findings of others [4] .
In conclusion, recombinant NS3 protein has clear in vitro antigenic potential, stimulating T helper cell activity and in particular promoting cytotoxic T cell responses. Translation of this in vivo was not so straightforward. Addition of NS3 to an E2 vaccine did not apparently modify detectable cellular or humoral immunity. This may have reflected an insensitivity for detecting the in vivo responses, because the in vitro results demonstrated NS3 induction of virus-specific IFN-γ secreting cells which were not identifiable in vivo. The low frequency of virus-specific IFN-γ producing cells following E2 vaccination demonstrates the difficulty of detecting T-cell responses in the peripheral blood following protein vaccination. In this situation the lack of response in the E2/NS3 vaccinates does not necessarily reflect an absence of T-cell responses but could result from a difference in the kinetics of effector cell presence in blood circulation. Nevertheless, it can be concluded that a likely scenario is that translation of the in vitro antigenic potential of NS3 to the in vivo situation requires an appropriate delivery of the NS3 to antigen presenting cells (APC) enabling cross-presentation to CD8 + T cells. One potential alternative formulation concept which should mediate cross-presentation is the use of delivery vehicles such as virus-like particles (VLP) [3] , immune complexes [26] , ISCOMS [19, 32] or bacterial toxin-delivery into the APC cytoplasm [6, 9, 18] . Alternatively, DNA vaccination approaches could possibly be improved by addition of the NS3 gene. Certain of these delivery systems are currently under study with other virus/antigen systems, and may well prove potentially applicable to numerous virus vaccines including CSFV vaccines.
Another field requiring additional investigations is the improvement of the current DIVA tests. Although, the detection of antibodies against E rns indicate an infection, the sensitivity of these tests are not as high as those detecting E2, reflecting that E2 represents a major antigenic protein for the induction of neutralising antibodies.
